Laser-produced plasmas, obtained when high-power laser beams interact with solids, have evoked a great deal of attention both in basic and applied fields of research [1] [2] [3] [4] [5] [6] [7] . The study of the transport properties in laser-produced plasmas can shed light on the different mechanisms involved in their formation and evolution in time and space. Laser plasmas generated in low ambient gas pressures have a wide range of applications as in materials analysis [8] and thin-film deposition of materials such as metals, ferroelectrics, semiconductors, and high-T c superconductors [9] [10] [11] [12] [13] [14] [15] [16] . Recently fabrication of stoichiometric films of high-T c superconductors in air at atmospheric pressure have been reported [17, 18] . Plasmas formed at atmospheric pressure have a high temperature and density, and the concentrations of the various species may become close to the stoichiometric proportions in the target. With YBa 2 Cu 3 O 7 as target, laser plasmas formed at atmospheric pressure exhibit time-dependent emission characteristics and opacity [19] . Resonance lines are found to be severely self-reversed and they show anomalous line profiles due to anisotropic resonance scattering [20] .
Laser-target interaction leads to rapid expansion and the velocities of ejected species generally depend on their masses, which vary for of atoms, molecules, or clusters. A slight deviation from charge neutrality at the external plume boundary may create large electric fields because of the formation of a charged double layer, which results in the acceleration of individual charged particles [21] [22] [23] [24] . Such charged double layers can be formed in laser-produced plasmas with electron densities in the range 10 6 -10 21 cm −3 [21] . Double layers play a very important role in different contexts ranging from astrophysical processes to plasma confinement in fusion devices [25] . Here we report the collective diffusion of ions and electrons in the plasma plume as a whole due to the electric fields created by charged double layers of electrons and ions.
Experimental details
The schematic of the basic experimental setup for the present study is given in Fig. 1 . High-power laser radiation from a Qswitched Nd:YAG (Quanta Ray DCR 11) laser at wavelength 1.06 µm with pulse duration 10 ns is focused (estimated focal-spot radius 50 µm at the target) to produce the plasma in air ambient at atmospheric pressure. The target used in our studies was a disk of YBa 2 Cu 3 O 7 of radius 1.75 cm and thickness 0.5 cm that was mounted axially on the shaft of a dc motor and was rotated about the axis in order to avoid multiple hits at the same spot for a long time, which would result in the pitting of the target. The optical emission from the plasma at various spatial positions (with spatial resolution better than 0.3 mm) away from the target surface was monitored after one-to-one imaging of the plasma segments on to the entrance slit of a monochromator by appropriate collimating or focusing lenses and by apertures. The spectrometer used was a 1-m monochromator (SPEX model 1740, grating with 1200 grooves per mm blazed at 500 nm and having a slit-widthlimited resolution of 0.015 nm). A thermoelectrically cooled photomultiplier tube (Thorn EMI) was used as the light sensor. The time evolution of the emission spectrum at a par- Fig. 1 . Schematic of the experimental setup: M -10% reflector; L -lenses; T -rotating target; P M T -photomultiplier tube ticular distance from the target was monitored on a 200-MHz digital storage oscilloscope (DS 8621, IWATSU). The spectral recording was done on a chart recorder after averaging intensities from 10 successive pulses using a boxcar averager (Stanford Research Systems, SRS 250). The laser pulse energy was measured using a calibrated laser energy meter and the irradiance at the focal spot was calculated after making reflection corrections from lens surfaces.
Results and discussion
Laser-produced plasmas at atmospheric pressure are dense and confined to small volumes due to the inward force exerted by the atmospheric gases. The apparent length of the lightemitting zone in the plume was about 5 mm in the present case. Interferometric measurements [19] on YBa 2 Cu 3 O 7 plasma in air show that plasma electron density was of the order of 10 16 -10 17 cm −3 . It was also found that at high laser irradiances, the main ionization mechanism in the plasma is collision dominated whereas at relatively low laser irradiances multiphoton processes take place [19] . The high density and collision rate inside the plasma favors the existence of local thermodynamic equilibrium [28] . The diffusion characteristics of the plasma are found to vary significantly with laser irradiance on the target. Plasma emission very close to the target is monitored using the setup mentioned above and the optical emission spectrum at a laser irradiance of 1.9 × 10 11 W cm −2 is recorded in the region 350 nm to 650 nm (Fig. 2a) . The spectrum shows mostly ionic emission lines from different constituents inside the plasma together with a few atomic lines. Less intense lines from singly and doubly ionized nitrogen present in air also are observed in a more resolved spectra. Figure 2b represents the spectrum at 3 × 10 11 W cm −2 , which shows a threefold decrease in emission intensity for all the lines. This apparently anomalous behavior at higher laser irradiances is explained later in the text. In order to estimate the plasma expansion time, the monochromator was set at 500 nm where there is con- Fig. 2 . The emission spectrum at two different laser irradiances at a distance 0.5 mm from the target; (a) 1.9 × 10 11 W cm −2 (b) 3 × 10 11 W cm −2 . The curves are identical except for a threefold decrease in intensity at higher laser irradiance. The intensities are peak values of the time-dependent signal recorded after averaging intensities from ten pulses and maximum error in intensity measurements is 5% tinuum with no line emissions and the expansion time and emission intensity were measured from the oscilloscope display. The main reason for selecting plasma continuum for this study is that the positive ions and electrons are responsible for the blackbody continuum since plasma continuum essentially originates from the bremsstrahlung radiation and radiative recombination [28] .
Measurements on the plasma expansion time at various laser irradiances were carried out. Figure 3 shows a plot of the laser irradiance vs. the plasma expansion time at a distance 0.5 mm from the target surface. At very low laser irradiances, there is a sudden decrease in the plasma expansion time as and continuum intensity () as a function of laser power density. At a laser irradiance of ≈ 2.6 × 10 11 W cm −2 , the expansion time decreases to about half the initial value. Exactly at this point the continuum emission intensity also decreases sharply. Measurement conditions are the same as those for Fig. 2 the laser irradiance is slowly increased. On further increase of the laser irradiance, the expansion time remains at a steady value of about 83 ns. This initial sharp increase in the velocity at low irradiances is due to the plasma expansion resulting from the very high internal pressure developed at the ablation spot where the ejected material acts as a piston that drives a spherical blast wave into the ambient gas. But this pressure reaches a steady state and consequently the expansion velocity assumes a constant value of 6.02 × 10 5 cm s −1 . This happens when the laser light is screened, in the sense of not being absorbed by the target, due to reflection by the high density plasma at the critical density surface. But when the laser irradiance is increased further, to ≈ 2.6 × 10 11 W cm −2 , the expansion time suddenly decreases to approximately half the initial value, namely, 40 ns with a fourfold increase in the kinetic energy. This means that the expansion velocity of the plasma has suddenly doubled at this laser irradiance to a typical value of 1.25 × 10 6 cm s −1 . It is also apparent from Fig. 3 that the intensity of plasma continuum emission falls steeply at this laser irradiance. Ionic and atomic line emissions also suffer reduction in intensity as can be seen from Fig. 2b , which is the optical emission spectrum from the plasma at a laser irradiance of 3 × 10 11 W cm −2 . The spectrum is similar to that obtained at 1.9 × 10 11 W cm −2 ( Fig. 2a ) but with reduction in emission intensity for all the lines. This is due to a reduction in particle density integrated along the line of sight near the target surface, i.e. the plasma as a whole drifts away from the target thereby producing a rarefaction near the target. Thus at higher laser irradiances two distinct types of plasma motion occur, the radial expansion as well as the sudden drift of the plasma as a whole normal to the target. The radial expansion becomes dominant only after the plasma has drifted to a certain distance away from the target surface, which in turn depends on the value of laser irradiance. Figure 2a shows the spectrum at a laser irradiance of 1.9 × 10 11 W cm −2 , which exhibits emission lines from all atomic and ionic species when only hydrodynamic radial expansion is predominant. However in Fig. 2b the intensities of all these lines have gone down by a factor of nearly three. This means that the number densities of almost all the species with different ionization states integrated along the line of sight are low near the surface for laser irradiances above 2.6 × 10 11 W cm −2 , indicating the collective nature of the expansion process. This holds good for a range of laser irradiances above the threshold of 2.6 × 10 11 W cm −2 . At these irradiances, when observed normal to the plasma expansion direction (expansion direction is always normal to the target surface), the section with maximum intensity of plasma emission is at a region farther away from the target surface. The spectra recorded at the maximum intensity region is the same as the one close to the target at low laser irradiance but with slightly reduced line widths.
The irradiation of a target with very high intensity lasers produce temperatures well above the thermodynamic critical temperature and the main mechanism of ablation is 'phase explosion' rather than 'vapourization' [26, 27] . Radial expansion takes place because of the very high pressure developed following ablation of the target material leading to velocities of the order of 10 5 cm s −1 for the plume expansion front. There exists a steep density gradient along the radial direction in a laser-produced plasma. The density of electrons has a larger value towards the target surface and at some point nearer to the target the density exceeds the critical density which is defined as
where ω = 2πν, ν is the frequency of laser light, m e is the mass of electron, e is the electron charge and 0 , the permitivity of free space. The laser beam penetrates into the plasma only if the density is less than the critical density. Therefore the laser-ablated plume consists of two regions, the outer corona (n e ≤ n ec ), and the conduction region (n e > n ec ). A surface which separates the two is called the critical density surface. (One should not expect a sharp boundary between the conduction region and the outer corona and the critical density surface may not be thought of as infinitely thin). In the outer corona of the plume where the electron density is less than the critical density, the laser energy is absorbed by the electrons directly. The attenuation of the laser light as it traverses the plume is given by [21] 
where I 0 and I a are the incident and the absorbed laser intensities for electron density n e less than the critical density n ec , k IB is the inverse bremsstrahlung absorption coefficient, ν c is the collision frequency which goes down with temperature as ν c ≈ T
. The scale length L is the distance over which the electron density changes from zero to n ec . The energy absorbed by the corona electrons is transferred to the conduction region. If the heating rate of the corona electrons is much larger than the losses to the conduction region, the temperature of the corona electrons will rise and a temperature gradient may be formed. Therefore we can write [29] dT e dx
where λ ee is the mean free path for e-e collisions. The temperature gradient may be accompanied by an electric field given by
and some of the electrons may be accelerated out of the corona [29] . The loss of hot electrons creates a large potential, which limits the total number of electrons that can be thrown off [19, 30] . The electron heating will cease when the laser pulse is terminated. Thus ions inside the plume can be accelerated in the electric field generated by the fast electrons escaping from the plume. Normally the diffusion coefficients of electrons (D e ) and ions (D i ) are different with their ratio given by [32] ,
1/2 , and it is clear that the relative values obey D e D i . The fast escaping electrons produce a region in which there is a separation between the ion and electron clouds. These positive and negative charge clouds are in most cases separated by a characteristic distance that is of the order of the Debye length [21] . But in the case of a deviation from charge neutrality the ions are accelerated in the electric field produced by the fast electrons receding from the plume and the plume as a whole begins to propagate with twice the diffusion coefficient of the ions similar to that in a discharge plasma [32] .
Since the ions have a velocity less than that of the electrons, the fast electrons will create a situation in which the positive and negative charges are well separated. The electric field thus generated may be represented in terms of the electron velocity and density given by [23] 
where m e and v e are the electron mass and velocity respectively, e the electron charge, and N e the electron density in the plume. In the present experiment, the propagation direction of the plasma coincides with the z axis which is normal to the target. One can make a rough estimate of the electric field by considering the additional velocity of the ions v i , to be solely due to the electric field created by the separated electrons and ions after introducing a characteristic ion velocity [23] 
Here N i is the ion number density and ∆N i refers to the change in ion number density over a distance equal to the Debye length. This is the equation governing the diffusion of ions with D i replaced by 2D i resulting from the coupling of diffusion processes of electrons and ions, and mutual interaction of the electron and ion clouds. The electrons and ions diffuse together with twice the diffusion coefficient of the ions when there is a deviation from the total charge neutrality. Since the diffusion coefficient is directly proportional to the velocity, the observed increase in the velocity to approximately double the initial velocity takes place. The collective nature of the diffusion process shows that the drift mechanism is similar to ambipolar diffusion. The continuum emission intensity is maximum near the target surface and decreases with increasing separation from the target. Figure 4 shows a plot of emission intensity vs. the laser irradiance at three different distances from the target surface, namely, 0.05 cm, 0.2 cm, and 0.4 cm. At laser irradiances greater than 2.6 × 10 11 W cm −2 the plasma continues to move with the same velocity but the plume as a whole is shifted to greater distances. These results show that at a distance 0.2 cm away from the target the emission peaks at a laser irradiance of 2.84 × 10 11 W cm −2 , whereas at 0.4 cm the emission maximizes at a laser irradiance of 3.05 × 10 11 W cm −2 . It is evident from these observations that Fig. 4 . Variation of continuum emission intensity at 500 nm at three different distances from the target. Measurement conditions are the same as those for Fig. 2 the plasma plume has drifted farther and farther away from the target as the input laser irradiance is increased.
Conclusions
We have described some aspects of the diffusion dynamics of laser-produced plasma from the multielement superconductor YBa 2 Cu 3 O 7 using time-resolved spectroscopy at laser irradiance levels ranging from 2.5 × 10 9 W cm −2 to 3.5 × 10 11 W cm −2 . At low laser irradiances only radial expansion occurs, whereas beyond a threshold of 2.6× 10 11 W cm −2 the plasma as a whole drifts collectively away from the target surface in the electric field produced by the formation of a charged double layer at the external plume boundary. A rough estimate shows that an electric field of the order of 10 5 V cm −1 is generated at the plume expansion front. The collective nature of the diffusion is similar to ambipolar diffusion in a discharge plasma and it ensures that the stoichiometry of the various atoms and ions in the plume near the target surface is preserved at a farther distance from the target. As the input laser irradiance is increased the plume propagates to farther distances in air within a nanosecond time scale. In short, this paper demonstrates the formation of a charged double layer in air at atmospheric pressure and its role in the dynamics of ablation products.
